Abstract: This paper presents the design of a broadband calculable dipole reference antenna with a 3 dB hybrid balun in the 1 GHz to 3 GHz frequency range. One dipole with a length resonant at 1.3 GHz was used to cover the 1 GHz to 3 GHz frequency range due to its suitable broadband characteristics. The design procedures are explained, and the design results show that the single broadband calculable dipole reference antenna with a hybrid balun can be characterized by power mismatch-loss component factors.
Introduction
Calculable standard dipoles have been developed and are used as standard antennas [1, 2] . Standard dipole antennas are necessary to generate standard fields and to measure antenna factors. A half-wavelength resonance dipole was chosen as the reference antenna because there are well-established, rigorous analytical methods of calculating with precision the performance of resonant dipoles. Extensive work has been carried out in the development of a calculable standard dipole antenna [3, 4] . The antenna factor is calculable in free space or above a ground plane for both horizontal and vertical polarizations, which enables us to accurately measure the field strength of various antennas.
Previous works dealt with analysis of the antenna factor of a calculable dipole antenna by using the power mismatch-loss concept and S-parameters [1, 2, 3, 4, 5, 6, 7, 8] . The formulation of the antenna factor presented in this paper was derived by using the power mismatch-loss concept [5, 6, 7, 8] comprising the power loss components. This paper describes the design procedures for a broadband calculable dipole reference antenna with a 3 dB hybrid balun. In order to cover the 1 GHz to 3 GHz frequency range, one dipole with a length resonant at 1.3 GHz was used due to its suitable broadband characteristics (i.e., the antenna factors and the voltage standing wave ratio [VSWR] at the band edges are not large). The design results show that this single broadband calculable dipole reference antenna with a hybrid balun can be characterized using power mismatch-loss component factors. We can readily design the broadband calculable dipole reference antenna from the antenna factor differences and the VSWR characteristics. Calculated antenna factors of the broadband dipole antenna are compared with measured results.
2 Description of the dipole with a hybrid balun Fig. 1 shows a schematic diagram of the Korea Research Institute of Standards and Science (KRISS) calculable dipole antenna with a 3 dB hybrid coupler and two phase-matched coaxial lines with 3 dB pads. The balun is designed so that its complex S-parameters can easily be measured. Two semi-rigid cables with length L B for the 3 dB hybrid balun are connected to the antenna terminal, as shown in Fig. 1 . A 50 Ω load is connected to the sum port (Σ) of the hybrid, and a matched measuring instrument is connected to the other port (Δ) via coaxial cable with length L R . The inner conductors of the two coaxial lines are connected to the balanced dipole elements. The outer conductors of the coaxial cables are in contact with each other electrically, i.e. short-circuited. Since this structure is perfectly symmetrical, the two matched output voltages have the same amplitude and a phase difference of π radians. The dipole antenna element with length L and radius a is placed along the z-axis. The antenna factor is defined as the ratio of the incident electric field strength to the voltage received at the antenna terminals. The antenna factor using power mismatch-loss component factors can be expressed as follows [7] :
is the antenna factor when the receiver is directly connected to the antenna. K is the power mismatch-loss factor, expressed as
, and individual power mismatch-loss factors are those presented in Kim et al. [7] .
3 The design of broadband dipole reference antennas Fig. 2 shows the antenna factors used to illustrate the broadband antenna design procedures. In Fig. 2 , AF R1 and AF R2 are the antenna factors at the lower frequency f 1 and upper frequency f 2 , respectively, for the resonant dipole length. And AF B1 and AF B2 are the antenna factors at the lower frequency f 1 and upper frequency f 2 , respectively, for the fixed dipole length resonant at f 0 . The antenna factor differences between the band edges are defined as ÁAF R ¼ AF R2 À AF R1 for the resonant length and ÁAF B ¼ AF B2 À AF B1 for the fixed dipole length.
The design procedures are outlined as follows: (1) Step 1: Calculate AF R1 , AF R2 and ÁAF R The first step is to calculate the antenna factor for the resonant lengths. Using the antenna factors AF R1 at f 1 and AF R2 at f 2 for the resonant lengths, calculate the antenna factor difference between the band edges, Figs. 2 and 5 ). Step 3 is to compare the antenna factor differences ÁAF R and ÁAF B and find out the region of interest (ROI). The ROI satisfies the condition ÁAF B ÁAF R . Many desired lengths exist in the ROI. (See Fig. 4) . (4) Step 4: Calculate the VSWR
Step 4 is the calculation of the voltage standing wave ratio characteristics for the desired fixed length in the ROI. If the VSWR at the band edges is not so large, then the desired fixed length is a suitable element for a broadband antenna. (See Fig. 6 ). (5) Step 5: Determine the suitable dipole length
Using the results of Steps 3 and 4, if the antenna factor differences have ÁAF B ÁAF R and the VSWR at the band edges is not so large, then a quite suitable dipole length for a broadband antenna element can be determined. We chose a quite suitable dipole length in the desired lengths to ensure that the antenna factors and the VSWR are not large over the whole frequency range (f 1 $f 2 ). (See Figs. 5 and 6 ).
In the design of the broadband dipole reference antenna, a thin wire kernel approximation with a segment length of 0:0125 is used for the piecewise sinusoidal Galerkin's method of moments (MoM) analysis. The dipole radius was chosen at less than 0:007 (thin wire approximation), and a nominal value of 50 Ω was used for the characteristic impedance Z 0 . A coaxial cable with a length of 10 m was selected in the following numerical calculations, and receiver resistance R L was 50 Ω. Fig. 3 shows the frequency characteristics of the resonant length with respect to the dipole radius. As shown in Fig. 3 , the resonant length of the dipole antenna decreases as the frequency increases. Moreover, the resonant length was nearly invariant with respect to the radius of the dipole antenna. 4 shows the antenna factor difference ÁAF B versus a fixed dipole length that is resonant at f 0 . Fig. 4 also shows the antenna factor difference ÁAF R (¼ 9:478 dB) of the resonant lengths for all of the frequencies. As shown in Fig. 4 , the ROI is from L 0 ¼ 5:573 cm (f 0 ¼ 2:5 GHz) to L 0 ¼ 12:347 cm (f 0 ¼ 1:14 GHz). L 0 is the fixed dipole element length resonant at f 0 . These fixed dipole lengths are suitable for a broadband dipole reference antenna element, but the conditions require that the antenna factors and VSWR at the band edges be not so large. We chose a dipole element that is resonant at 1.3 GHz (L 0 ¼ 10:80 cm) to ensure a sufficiently accurate antenna factor over this whole frequency range (1∼3 GHz), as shown in Figs. 5 and 6. In this paper, a single dipole is used as a standard dipole reference antenna to cover the 1 GHz to 3 GHz frequency range. Fig. 5 shows the frequency characteristics of the theoretical antenna factor for the five fixed dipole lengths of 10.80 cm (1.3 GHz resonant element), 9.343 cm (1.5 GHz resonant element), 8.228 cm (1.7 GHz resonant element), 6.979 cm (2.0 GHz resonant element), and 5.573 cm (2.5 GHz resonant element). As shown in Fig. 5 , it is possible to cover the frequency range 1 GHz to 3 GHz with the 9.343 cm 1.5 GHz resonant element, but the VSWR at the lower band edge is excessive, as shown in Fig. 6 . Consequently, the antenna factors and the VSWR at the ends of the band are not excessive, and the fixed length of 10.80 cm (1.3 GHz resonant element) is quite suitable, ÁAF B ÁAF R , and the VSWR at the band edges is not large for this frequency range. Fig. 5 also shows the antenna factor of resonant dipole antennas for all of the frequencies (see the solid line). The differences between the antenna factors, the antenna factors of the broadband dipole antenna and the resonant dipole antennas, are within about 5 dB. Thus, the broadband performance is within about 5 dB of the resonant dipole. Fig. 6 shows the frequency characteristics of the VSWR for the five fixed dipole lengths of 10.80 cm, 9.343 cm, 8.228 cm, 6.979 cm, and 5.573 cm. As shown in Fig. 6 , the VSWR at the lower band edge is excessive except for the fixed length of 10.80 cm. From Figs. 5 and 6, we chose a fixed dipole length of 10.80 cm (1.3 GHz resonant element) as a broadband dipole antenna element to ensure that ÁAF B Fig. 4 . The antenna factor differences between the band edges.
ÁAF R and that the VSWR at the band edges is not large for this whole frequency 
Conclusion
A single broadband calculable dipole reference antenna with a hybrid balun in the 1 GHz to 3 GHz frequency range has been presented. The design procedures are explained, and the design results show that the antenna factors and the VSWR at the band edges are not excessive. For a dipole with a length resonant at 1.3 GHz, broadband operation to cover the 1 GHz to 3 GHz frequency range with just one dipole is possible. Error analysis remains for future work.
